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ABSTRACT 

The development of nanomaterials to induce antigen-specific immune tolerance has shown 

promise for treating autoimmune diseases. While PEGylation has been widely used to reduce host 

immune responses to nanomaterials, its tolerogenic potential has not been reported. Here, we 

report for the first time that a subcutaneous injection of PEGylated poly(lactide-co-glycolide) 

(PLGA) nanoparticles containing auto-antigen peptide MOG35-55 without any tolerogenic drugs is 

sufficient to dramatically ameliorate symptoms after disease onset in an antigen-specific manner 

in a mouse model of multiple sclerosis. Neither free MOG35-55 nor particles without PEG exhibit 

this efficacy. Interestingly, mechanistic studies indicate that PEGylation of nanoparticles does not 

reduce dendritic cell activation through direct nanoparticle-cell interactions. Instead, PEGylated 

nanoparticles induce lower complement activation, neutrophil recruitment, and co-stimulatory 

molecule expression on dendritic cells around the injection sites than non-PEGylated PLGA 

nanoparticles, creating a more tolerogenic microenvironment in vivo. We further demonstrate that 

the locally recruited dendritic cells traffic to lymphoid organs to induce T cell tolerance. These 

results highlight the critical role of surface properties of nanomaterials in inducing immune 

tolerance via subcutaneous administration. 
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1. Introduction 

Autoimmune disorders occur when the immune system loses self-tolerance and initiates an 

inflammatory immune response against healthy cells and tissues in the host [1]. Current therapeutic 

strategies either manage symptoms, as for type I diabetes, or globally suppress the immune system, 

as for multiple sclerosis (MS). Unfortunately, these treatments are usually lifelong and associated 

with a range of adverse effects [2, 3]. Therefore, recent research has directed its focus towards 

inducing antigen-specific tolerance, in which the immune system is trained to recognize a specific 

antigen as “safe”, without attenuating immune protection against pathogens [4-7]. A variety of 

biomaterials-based strategies have been used in attempts to tolerize the immune system to an 

antigen of interest, sometimes in conjunction with tolerogenic drugs [8-12]. Existing studies that 

efficiently establish antigen-specific immune tolerance have largely employed systemic 

administration of engineered cells or nanomaterials carrying autoantigens [13-21]. Intravenously 

injected poly(lactide-co-glycolide) nanoparticles (PLGA-NPs) with conjugated or encapsulated 

antigen peptides with or without tolerogenic drugs have been shown to be efficacious in several 

autoimmune disease models. PLGA-NPs encapsulating gliadin protein (CNP-101/TAK-101) have 

shown promising results in a phase 2 clinical trial for treating celiac disease (NCT03738475). 

Although promising, translation of this or similar strategies to humans has yet to demonstrate 

efficacy in pivotal trials, and a fundamental understanding of how such biomaterials interact with 

the immune system is still lacking, necessitating the need for further study.  

Although therapeutics can generally access immune cells more efficiently via systemic 

administration compared to subcutaneous (s.c.) injection, s.c. administration has advantages in 

convenience and ability to spatiotemporally modulate immune cells in a well-controlled 

microenvironment [12, 22-25]. One promising example is glatiramer acetate, one of the only FDA-



approved non-broadly immune-suppressing treatments for MS. The treatment is a s.c. injection of 

random peptide polymers of amino acids found in myelin, and it has shown moderate efficacy in 

humans [26, 27]. However, in efforts to increase antigen-specificity, current studies using s.c. 

administration of MS-relevant peptides alone or carried by NPs without additional drugs have not 

been able to ameliorate symptoms in experimental autoimmune encephalomyelitis (EAE), a well-

characterized mouse model of MS [14, 15, 28]. Even with the incorporation of tolerogenic drugs 

or biomolecules into such NPs, most studies have only demonstrated efficacy by treating the 

disease before onset [29-34]. We hypothesized that this was in part a consequence of the 

inflammatory and/or stimulatory properties of the antigen-delivery materials after s.c. 

administration, and that tolerogenic responses could be achieved by modifying the intrinsic 

properties of the NP materials [35]. 

Recent studies have demonstrated that PLGA-NPs can cause inflammatory immune responses, 

including local recruitment of neutrophils and increased pro-inflammatory cytokines [36, 37]. 

Complement activation is one of the main drivers of biomaterials-induced inflammatory responses 

and immune activation [38-41]. Because the addition of polyethylene glycol (PEG) to NPs has 

been shown to reduce both protein adsorption and complement activation [42-44], we envisioned 

PEGylated NPs could induce a more tolerogenic systemic immune response. We then sought to 

directly compare the immune responses of PLGA-NPs versus their PEGylated counterparts. 

Consequently, we fabricated NPs using poly(lactic-co-glycolic acid)-b-poly(ethylene glycol) to 

encapsulate an EAE antigen peptide MOG35-55 (MOG-PLGA-PEG-NPs). We found that s.c. 

injections of these NPs into EAE mice after the onset of disease could dramatically decrease the 

severity of disease symptoms compared to mice treated with NPs without PEG or MOG35-55 alone 

(Fig. 1).  



 

Fig. 1. Illustration of how PEGylated NPs can induce antigen-specific immune tolerance via s.c. 
administration in experimental autoimmune encephalomyelitis (EAE), a mouse model of multiple 
sclerosis. MOG-PLGA-NPs cause strong complement activation and stimulate dendritic cells, 
failing to ameliorate symptoms of EAE. Conversely, the PEG layer of MOG-PLGA-PEG-NPs 
with autoantigens significantly reduces NP-mediated complement activation and the expression of 
costimulatory molecules on dendritic cells, enabling tolerance induction. 
 

To gain a better understanding of how the different NPs generated different immune responses, 

we studied their effect on immune cell activation, complement activation, biodistribution, and 

downstream T cell responses. Although the PEG layer did not make NPs more tolerogenic to 

antigen-presenting cells (APCs) in vitro, we found it reduced complement activation and co-

stimulatory molecules on dendritic cells (DCs) in vivo, both locally and in the spleen. This 

corresponded to an increase in tolerogenic T cell responses systemically. Due to the ubiquity of 

PLGA-based nanomaterials for immunotherapy [45], the knowledge gained here may be helpful 

for the general design of biomaterials for immune tolerance.   



2. Materials and methods 

2.1 Nanoparticle Fabrication  

Methoxy PLGA-PEG (PEG:PLGA 5,000:20,000 Da, Akina, West Lafayette, IN, catalog 

number AK037) NPs were fabricated via a double emulsion method as previously reported [46]. 

The polymer was dissolved in 20 mg/mL of dichloromethane (DCM) (Sigma-Aldrich, St. Louis, 

MO). MOG35-55 (RS Synthesis, Louisville, KY) was dissolved in 20 mg/mL de-ionized (DI) water. 

For the first emulsion, 45 µL of the MOG solution was added to 450 µL of the polymer solution 

and then sonicated using a probe sonicator (Fisher Sonic Dismembranator) for 12 s at 20% 

amplitude (pulse 1 s on/1 s off). Then, 1.35 mL of 1% w/v polyvinyl alcohol (PVA) (Sigma-

Aldrich, St. Louis, MO) was added to the emulsion and sonicated again for 24 s using the same 

settings. The entire volume was then added to 6 mL of 0.1% PVA and stirred on a magnetic stir 

plate for 16 h at 750 rpm to evaporate the organic solvent. To remove the PVA, the NPs were 

washed by centrifuging 3 times at 18,000  g for 7 mins and resuspending in DI water each time. 

For storage, MOG-PLGA-PEG-NPs were suspended in water, frozen at -80 C, and thawed on the 

day of use.  

To fabricate MOG-PLGA-NPs, a modified procedure was used due to the difficulty of 

resuspending non-PEGylated MOG-encapsulated NPs and to keep size and peptide loading 

consistent. For the first emulsion, 25 µL of MOG35-55 at 4 mg/mL in 0.5 M Tris-HCl (pH=8) was 

emulsified with 500 µL of 50:50 PLGA with inherent viscosity 0.66 (15,000-25,000 Da, Durect 

Inc., Cupertino, CA) dissolved in DCM at 10 mg/mL by probe sonicating for 20 s at 20% amplitude. 

To this, 5 mL of 10 mM Tris-HCl was added and the solution was sonicated for 40 s at the same 

settings. The entire emulsion was then transferred to a 20 mL vial and stirred for 16 h at 750 rpm 

to evaporate the organic solvent. The NPs were then washed by centrifuging twice at 15,000 g 



for 7 min and resuspending in DI water after each centrifugation. MOG-PLGA-NPs were freshly 

prepared and stored in water at 4 C for less than 24 h before injection due to aggregation during 

the thawing process if frozen. 

To make fluorescently labeled particles, 0.05 wt% DiD (Thermo Fisher, Waltham, MA) 

dissolved in DCM was added to the polymer solution prior to the first emulsion. For the PLGA-

PEG-NPs encapsulating OVA323-339 (RS Synthesis, Louisville, KY), the peptide was dissolved at 

10 mg/mL in water with 0.5% NH4OH. For the first emulsion, 90 µL of peptide solution was added 

to 450 µL of PLGA-PEG in DCM and sonicated for 12 s. Subsequent steps were the same as for 

the fabrication of MOG-PLGA-PEG-NPs. 

 

2.2 Nanoparticle characterization  

NPs were imaged via transmission electron microscopy (TEM) using a JEOL JEM2100 TEM. 

Briefly, a carbon film-coated copper grid was cleaned by plasma, and 10 µL of NP solution was 

dropped on the grid. After incubating for 20 min, the grid was rinsed with 10 µL of DI water 3 

times. Then 5 µL of 2% uranyl acetate water solution was dropped onto the grid and was 

immediately removed by a filter paper. The grid was then dried and imaged at 200 kV.  

NP size and zeta potential were measured via dynamic light scattering (DLS, Zetasizer Nano 

ZS90). Protein encapsulation of the NP was determined via bicinchoninic acid (BCA) protein 

assay. Briefly, supernatants of the NP solution were collected and diluted 10 in water. The amount 

of protein was then measured using the Micro BCA Protein Assay Kit (Thermo Fisher, Waltham, 

MA) according to manufacturer instructions.  This represented the amount of unencapsulated 

peptide, which was subtracted from the total initial amount to determine encapsulation.  

 



2.3 Peptide release  

Peptide release was determined by encapsulating fluorescein isothiocyanate (FITC)-

conjugated MOG35-55 in PLGA or PLGA-PEG NPs. After fabricating the NPs and washing, the 

NPs were suspended at 2.5 mg/mL in release media, which consisted of PBS with 10% FBS and 

1% penicillin/streptomycin (PS). The amount of encapsulation was determined by measuring the 

unencapsulated FITC signal after removing all the NPs in solution by centrifuging at 20,000  g 

for 15 min and comparing to a known working line of fluorescence intensity and FITC-MOG 

peptide concentration. 400 µL of the NP suspension was placed in a 20K MWCO dialysis cup 

(Thermo Scientific, Waltham, MA), which was then immersed in 1 mL of the release media in a 

1.5 mL tube and shaken at 100 rpm at 37 °C. At designated time points, the fluorescence of the 

release media was tested and replaced with fresh media. The release was calculated as a percentage 

of the initial encapsulated value. 

 

2.4 Bone marrow-derived dendritic cell (BMDC) culture and NP treatment 

BMDCs were cultured based on an established protocol [47].  Briefly, tibias and femurs from 

female C57BL/6J mice were isolated and placed in 70% ethanol for 2-3 min to sterilize them. The 

ends of the bones were then cut and the marrow was flushed with RPMI 1640 medium using a 

29G syringe into a clean petri dish. The cells were disassociated by resuspending with a pipette 

tip. The cells were then centrifuged, and RBCs were removed using RBC lysis buffer (Biolegend, 

San Diego, CA). The resulting cells were cultured in 60 mm Petri dishes in RPMI 1640 with 10% 

FBS (ATCC, Manassas, VA), 1% penicillin/streptomycin (ATCC, Manassas, VA), 50 µM 2-

mercaptoethanol (Thermo Fisher, Waltham, MA), and 20 ng/mL of GM-CSF (Peprotech, Rocky 

Hill, NJ) at a concentration of 2  106 cells per 5 mL medium. On day 3 of culture, 2 mL of medium 



per dish was removed and replaced with 3 mL of fresh medium. On day 6, the loosely attached 

cells were replated with 5  105 cells in 1 mL of medium in a 24-well low-attachment plate. For 

flow cytometry cell analysis, NPs were added to the wells on day 7 at a concentration of 100 

µg/mL, normalized based on the DiD signal of NPs. On day 8 or 9, the loosely attached cells were 

detached by gentle pipetting and collected for analysis. Alternatively, NPs without DiD or 1 µg/mL 

LPS was added for surface marker study. The flow cytometry gating strategy is shown in Fig. S1.  

For confocal imaging studies, a clean #1.5 round cover glass (Harvard Apparatus, Holliston, 

MA) was pre-incubated with 0.01% poly-L-lysine solution (Sigma-Aldrich, St. Louis, MO) for 15 

min at 37 °C, then rinsed twice with sterile water. The cover glasses were placed in 24-well plates. 

Cultured BMDCs were detached from plates on day 7 of culture and added to the wells with the 

cover glass along with 100 µg/mL of DiD-labeled NP. After 24 h, the culture supernatant was 

aspirated, and the cells were fixed with 2% paraformaldehyde (PFA) (Sigma-Aldrich, St. Louis, 

MO), rinsed with PBS, then stained with PE-conjugated anti-CD11c antibody (All surface marker 

antibodies were from Biolegend, San Diego, CA unless otherwise specified). After incubating for 

1 h at RT, the cells were washed, counterstained with Hoechst stain (Sigma-Aldrich, St. Louis, 

MO) for 15 min, washed, then mounted on a glass microscope slide using anti-fading medium 

(EMD Millipore, Burlington, MA). Samples were imaged on an Olympus IX81 confocal 

microscope at 60 magnification.  

 

2.5 EAE studies 

To induce EAE, 10-week-old female C57BL/6J mice (The Jackson Laboratory, Bar Harbor, 

ME) were injected with an emulsion of MOG35-55 and complete Freund’s adjuvant (CFA) (Sigma-

Aldrich, St. Louis, MO), as well as 2 injections of pertussis toxin (PTX) (List Labs, Campbell, 



CA), spaced 2 days apart. The emulsion was formed by probe sonicating a 1:1 ratio of MOG35-55 

in PBS (2 mg/mL) and CFA (4 mg/mL) until it achieves the consistency of a thick paste. Each 

mouse was given two s.c.injections of 100 µL in the hind flanks for a total of 200 µg of MOG35-55 

and 400 µg of CFA. At the time of the emulsion injection, 100 µL of PTX in PBS (175-200 ng) 

was injected i.p., which was repeated 2 days later. Beginning at day 9 after immunization, the mice 

were scored daily for clinical signs of disease. Scoring was performed on a 5-point scale: 0, no 

disease; 1, floppy tail; 2, hind limb ataxia; 3, hind limb paralysis; 4, front limb paralysis; 5, dead. 

For the NP efficacy studies, mice were injected s.c. in the back or via tail vein with 3 mg of NPs, 

corresponding to approximately 50 µg of MOG35-55 peptide, in 75 µL of PBS at the indicated time 

points. All animal procedures were conducted in accordance with the protocols approved by the 

Drexel Institutional Animal Care and Use Committee in compliance with NIH guidelines. 

 

2.6 Injection-site cell analysis 

C57BL/6J mice were injected with 3 mg of DiD-MOG-PLGA-PEG-NP or DiD-MOG-PLGA-

NP in 100 µL PBS. After 48 h, the mice were sacrificed and the s.c.tissue in a 3 cm2 area centered 

around the NP injection site was collected using tweezers. The tissue was digested using 250 U/mL 

of collagenase IV in RPMI 1640 for 30 min at 37 °C on a shaker at 100 rpm. The tissue was then 

mechanically separated and passed through a 70 µm cell strainer to collect the cells. Cells were 

counted and stained for flow cytometry. Cells were analyzed according to the gating strategy 

shown in Fig. S2.  

 

2.7 In vitro measurement of complement activation 



The sizes of MOG-PLGA-PEG-NP and MOG-PLGA-NP were determined via DLS and were 

used to calculate the weight of particles needed to achieve a desired total surface area based on a 

NP density of 1.2 g/cm3 [43]. To test for complement activation, 0.0025 m2 of NPs in 10 µL of 

water were added to 40 µL of normal human serum (Complement Technology, Inc., Tyler, TX) in 

a 96-well sterile cell-culture plate and incubated at 37 °C for 1 h. As a positive control, mouse IgG 

(Sigma-Aldrich, St. Louis, MO) was heat-aggregated at 70 °C for 30 min and added to the serum 

at a final concentration of 1 mg/mL. Zymosan (Complement Technology, Inc., Tyler, TX) was 

added to serum at a final concentration of 0.5 mg/mL. Complement activation was quenched by 

adding 12.5 µL of 0.05 M EDTA solution in PBS and the samples were transferred to clean 1.5 

mL tubes. NPs were removed by centrifuging at 18,000  g for 7 min and the supernatants were 

collected and tested for complement activation. ELISAs were performed using the MicroVue C4d 

and C5a EIA kits (Quidel, San Diego, CA) according to manufacturer instructions.  

 

2.8 Western blotting analysis of complement activation in vivo  

Western blot (WB) was applied to determine the difference of complement activation induced 

by PEGylated and non-PEGylated NPs in vivo. Briefly, DiD-MOG-PLGA-NPs and DiD-MOG-

PLGA-PEG-NPs each at 3 mg in 100 µL H2O were s.c. injected into different sides on the back of 

a C57BL/6 mouse. The NPs and NP-infiltrated subcutaneous tissues were collected 1h after 

injection and kept in 100 µL DPBS (Corning, Manassas, VA). A control group of subcutaneous 

tissue without any NPs was also collected as a control. NPs with infiltrated tissues and the spare 

tissue were centrifuged at 20,000 rcf for 20 min. The supernatant and pellet were added into Bio-

Rad sample buffer containing β-mercaptoethanol, boiled at 95°C for 10 min and separated on 7.5-

12.5% acrylamide gel.  The proteins were then transferred to PVDF membrane overnight. After 



blocking in 5% wt nonfat dry milk in PBS-T (1x PBS with 0.05% Tween-20) for 1h, the PVDF 

membrane was washed in PBS-T 3 times and incubated with recombinant anti-C3 antibody 

(Abcam, Cambridge, MA) at 1:2000 dilution for another 1h. The membrane was then incubated 

with goat anti-rabbit HRP (Invitrogen, Waltham, MA) at 1:2000 dilution for 40 min and probed 

using ProteinSimple (FluorChem E System). 

 

2.9 DiD release from NPs 

MOG-PLGA-PEG-NP and MOG-PLGA-NP containing 0.05 wt% DiD were fabricated as 

described above. After washing, NPs were suspended in 1 mL of PBS with 10% FBS and 1% 

penicillin/streptomycin and incubated at 37 °C on a shaker at 100 rpm. At determined time points, 

NPs were centrifuged in a 100K MWCO centrifuge tube (Amicon) and the filtered solution was 

tested for DiD signal. The NPs collected by the filter were resuspended in fresh release media and 

the procedure was repeated for the next time point. 

 

2.10 Biodistribution studies 

C57BL/6J mice were induced with EAE. At the onset of disease (score > 1), 3 mg of DiD-

labeled MOG-PLGA-PEG-NPs or MOG-PLGA-NPs were s.c. injected into the upper backs of the 

mice. After 6-8 days, the mice were sacrificed, blood was removed by systemic perfusion of PBS, 

and the CNS (brain and spinal cord), spleen, and axillary and inguinal lymph nodes were collected. 

To create a single cell suspension of CNS leukocytes, the CNS was first minced and enzymatically 

digested using 300 µg/mL of Type IV Collagenase (Worthington) for 30 min at 37 °C. The 

softened CNS tissue was then mashed through a 70 µm cell strainer and washed with PBS. After 

centrifuging, the pellet was resuspended in 4 mL of 35% Percoll (GE) and then layered over 4 mL 



of 70% Percoll. This was centrifuged for 15 min at 600 g without brakes, and the resulting 

interlayer between the two gradients was collected, containing the leukocyte cell population. This 

was washed and resuspended in media for subsequent analysis. Single cell suspensions of spleen 

and lymph node cells were obtained by mashing through a 70 µm cell strainer, lysing the RBCs, 

washing, and resuspending in media.  

For flow cytometry, 2.5105 or 1106 cells were pelleted in a 1.5 mL tube and resuspended in 

flow buffer (PBS + 4% FBS) and incubated with anti-CD16/32 antibody for 10 min to prevent 

non-specific binding. The cells were then stained using various combinations of PE-CD11c, 

PE/Cy7-CCR7, APC/Cy7-Ly6G, PerCP/Cy5.5-MHC-II, FITC-F4/80, APC/Cy7-CD86, PE/Cy7-

F4/80, and FITC-CD19. The cells were analyzed via flow cytometry on a BD FACS Canto. 

 

2.11 Splenocyte antigen recall 

To test the antigen recall ability of mouse splenocytes, the cells were cultured in a 24-well 

plate at a concentration of 1106 cells/mL in RPMI media with 10% FBS, 1% 

penicillin/streptomycin, and 50 µM 2-mercaptoethanol, and challenged with 25 µg/mL MOG35-55. 

After 3 days, the cells were collected, centrifuged, and stored in Trizol Reagent (Thermo Fisher, 

Waltham, MA) for further real-time PCR analysis. To perform qRT-PCR, a phenol-chloroform 

extraction was used to isolate RNA in the aqueous phase, The RNA was then precipitated in 

isopropyl alcohol and washed with 75% ethanol. After removal of the ethanol, the RNA pellet was 

resuspended in water and the TURBO DNA-free kit (Thermo Fisher, Waltham, MA) was used 

according to manufacturer instructions to remove any contaminating DNA. The amount of RNA 

was measured using a NanoDrop 1000 Spectrophotometer. The High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher, Waltham, MA) was then used to create the cDNA. Forward and 



reverse primers were obtained from IDT Technologies and used along with PowerUp SYBR Green 

Master Mix to perform the qRT-PCR on a QuantStudio 6 Flex Real-Time PCR System. The 

following primer sequences were used: IL-17a (F: TCCAGAATGTGAAGGTCAACC; R: 

TATCAGGGTCTTCATTGCGG), IL-22 (F: TCGCCTTGATCTCTCCACTC; R: 

GCTCAGCTCCTGTCACATCA), and GAPDH (F: CCAGAACATCATCCCTGCAT; R: 

GTTCAGCTCTGGGATGACCTT). 

 

2.12 Ag-specific T cell and Treg analysis 

To measure the immune cell populations of NP-treated mice, CNS and spleen cells were 

collected and surface stained as described previously with various combinations of PE/Cy7-CD4, 

APC/Cy7-CD3, PerCP/Cy5.5-CD8, APC-CD25, APC-I- PE-CD11c, FITC-F4/80, PE/Cy7-PDL1, 

PE-Ly6G, PerCP/Cy5.5-MHC-II, and APC/Cy7-CD86 antibodies, and APC-I-A(b) human 

CLIP87-101 tetramer and APC-I-A(b)MOG38-49 tetramer (NIH Tetramer Core Facility). The only 

exception was for samples that required tetramer staining, which was performed before other 

surface stains. Briefly, after the addition of blocking antibody, the samples were stained with 

tetramer at a concentration of 2 µg/mL/million cells for 2 h at 37 °C. Then, the remaining surface 

stains were performed using the standard staining protocol at 4 °C. Flow cytometry analysis was 

performed by comparing to an irrelevant human tetramer control (Fig. S3). Intracellular PE-

conjugated FoxP3 staining (Thermo Fisher, Waltham, MA) was performed according to 

manufacturer instructions using the eBioscience Mouse Regulatory T Cell Staining Kit. Cells were 

analyzed according to the gating strategy shown in Fig. S4.  

 

2.13 Statistical analysis 



Data analysis was performed using GraphPad Prism software (GraphPad Software, San Diego, 

CA). Student’s t-test (Two-Sample Assuming Equal Variances) was used to analyze statistical 

significance between two groups. EAE efficacy data was analyzed using two-way ANOVA with 

post-hoc Tukey’s test and reported for the last data point. Sample sizes are indicated in each Fig. 

and were chosen based on preliminary data and comparable published studies. A value of p < 0.05 

was considered statistically significant. 

 
3. Results and discussion 

3.1 Fabrication and characterization of NPs 

MOG-PLGA-PEG-NPs and MOG-PLGA-NPs were fabricated via double emulsion (Fig. 2A). 

The method was adjusted to ensure both NPs had similar average sizes between 250-300 nm as 

measured by dynamic light scattering (Fig. 2A) and had similar MOG35-55 loading capacity, ~11-

19 µg/mg of polymer in both NPs (Fig. 2B). MOG-PLGA-PEG-NPs showed a faster release profile 

of encapsulated MOG35-55 compared to MOG-PLGA-NPs (Fig. 2C). This is possibly because of 

the hydrophilic domains of PEG trapped inside PLGA core [43], generating shortcuts that enabled 

a faster diffusion of water-soluble MOG35-55 inside particles. 

Because the PEG layer around NPs can interfere with the ability of cells to internalize NPs, 

BMDCs were used to verify that the PEGylated NPs can still be effectively internalized. BMDCs 

were incubated with DiD-labeled MOG-PLGA or MOG-PLGA-PEG NPs at 100 µg/mL in vitro 

for 24 h and then analyzed via confocal microscopy and flow cytometry. Although cells 

internalized more MOG-PLGA-NPs than MOG- PLGA-PEG-NPs (Fig. 2D, E, S5), the 

percentages of BMDCs (CD11c+) that internalized NPs were higher than 95% for both conditions 

(Fig. 2E). 



 

Fig. 2. Nanoparticle characterization and uptake by BMDCs. (A) Representative TEM images and 
DLS size distribution of NPs, scale bar = 100 nm. (B) NP physical properties. (C) Release of 
encapsulated FITC-MOG from NPs. (D) Representative confocal microscopy images of BMDCs 
treated with NPs. BMDCs were cultured with 100 µg/mL of DiD labeled MOG-PLGA-PEG or 
MOG-PLGA-NPs (green) for 24 h, then stained for CD11c (red) and nuclei (blue). Scale bar = 20 
µm. (E) Flow cytometry analysis of BMDCs treated with NPs. Dot plots are the representative raw 
data of CD11c expression and DiD signal of BMDCs. Data are represented as mean ± S.D. (n=3). 



3.2 PEGylated NPs ameliorate EAE in an antigen-specific manner  

To test whether PEGylation of NPs has an effect on their ability to induce tolerance when 

subcutaneously injected in an autoimmune disease mouse model, EAE resembling progressive MS 

was induced in C57BL/6J mice. The mice were then given a s.c. injection of 3 mg of various NPs 

or a similar amount of MOG35-55 in PBS at the onset of disease and again 5 days later. Clinical 

disease severity in the mice was scored on a scale of 0-5, with 0 = no disease, 1 = tail limp, 2 = 

hindlimb ataxia, 3 = hindlimb paralysis, 4 = forelimb paralysis, and 5 = death. Mice treated with 

MOG-PLGA-PEG-NPs began to exhibit disease remission within 5 days of the initial NP injection. 

The average score dropped to less than 0.5 before some mice showed a relapse starting around day 

30, leveling out to an average score of 1 at day 41 (Fig. 3A). In contrast, the clinical scores of mice 

treated with MOG-PLGA-NPs or soluble MOG remained at an average of around 2.5.  MOG-

PLGA-PEG-NPs alleviated the disease symptoms in an antigen-specific manner as the mice 

showed a higher clinical score when treated with NPs (OVA-PLGA-PEG-NPs) encapsulating an 

EAE-irrelevant antigen, OVA323-339.  

We next tested whether pretreatment before disease onset would change the efficacy of the 

MOG-PLGA-PEG-NPs. When MOG-PLGA-PEG-NPs were s.c. injected at days 5 and 10 after 

disease induction, the mice exhibited symptoms (disease onset) later and more gradually, with no 

rapid peak as seen in the PBS control. Eventually, the mice reached an average score of around 1 

(Fig. 3B), which was similar to the score of the mice treated after disease onset. This suggests that 

s.c. injected MOG-PLGA-PEG-NPs may prevent severe disease. However, other components such 

as tolerogenic drugs may still be needed to modulate immune cells for reversing the course of 

autoimmunity completely. For instance, rapamycin and TGF-ß have demonstrated the ability to 

enhance the tolerogenic effect of nanoparticles [16, 32, 48].  



 

Fig. 3. Induction of antigen-specific tolerance of EAE. (A) Antigen-specific immune tolerance 
induction via s.c. administration of MOG-PLGA-PEG-NPs. EAE mice were treated at the onset of 
disease and again 5 days later (MOG35-55 solution: n=7; OVA-PLGA-PEG-NPs: n=13; MOG-
PLGA-PEG-NPs: n=12; MOG-PLGA-NPs: n=7). (B) Effects of injection timing on NP-induced 
immune tolerance (n=5~6). Data are represented as mean ± S.E.M. Statistics are shown for the last 
data point using two-way ANOVA with post-hoc Tukey test. **p<0.01; ***p<0.001. 

 

3.3 PEGylation of NPs reduces stimulatory cellular response in local s.c. tissue  

In previous studies of EAE, s.c. injections of autoantigen peptide-containing PLGA-NPs failed 

to induce tolerance [14, 15, 28]. We performed mechanistic studies to understand the PEGylation-

enabled tolerogenic capability of PLGA-NPs. To evaluate subcutaneously administered NPs on 

cell recruitment and activation, healthy C57BL/6J mice were s.c. injected with 3 mg of DiD-

labeled MOG-PLGA-PEG-NPs or MOG-PLGA-NPs. After 48 h, the locally recruited cells around 

the NP injection site were harvested and stained for CD11c, F4/80, and Ly6G, the classical surface 

markers of DCs, macrophages, and neutrophils, respectively. Some DCs and macrophages 

originate from monocytes, expressing both CD11c and F4/80 [49]. Therefore, the CD11c+F4/80- 

cell population, which is more specific for DCs, was also quantified. The percentages of 

CD11c+F4/80- cells and F4/80+ cells among total recruited cells between mice treated with the two 



types of particles were similar (Fig. 4A). Interestingly, a higher percentage of recruited CD11c+ 

cells in MOG-PLGA-NP-treated mice also expressed F4/80 compared to MOG-PLGA-PEG-NP-

treated mice (Fig. S6). It was also found that a significantly higher percentage of neutrophils 

(Ly6G+) were recruited in mice treated with MOG-PLGA-NPs. The majority of the recruited 

macrophages internalized NPs (DiD+) in both treatment conditions, while some CD11c+F4/80- 

cells did not internalize NPs (Fig. S7). 

 

Fig. 4. Local cell recruitment and activation 2 days after s.c. administration of NPs in C57BL/6J 
mice. (A) Percentage of CD11c+, CD11c+ F4/80-, F4/80+, and Ly6G+ cells surrounding the local 
NP injection site. (B) Representative flow cytometry histograms of CD80, CD86, CD40, and PD-
L1 expression in DCs with and without NP internalization. (C) Mean fluorescence intensity (MFI) 
of surface markers in each cell population. All data are represented as mean ± S.D. (n=3). *p<0.05; 
**p<0.01. 



Among the CD11c+ cells, we analyzed the expression of CD80, CD86, CD40, and programmed 

cell death receptor ligand 1 (PD-L1). CD80, CD86, and CD40 are costimulatory signals for T cell 

activation [4, 50]. PD-L1 is an immunosuppressive regulatory molecule; however, it is often 

elevated with increased expression of costimulatory molecules in activated APCs [51, 52]. In mice 

treated with MOG-PLGA-NPs, the level of all four of these markers in CD11c+ cells were 

significantly higher than those in mice treated with MOG-PLGA-PEG-NPs (Fig. 4B, C). As 

expected, CD11c+ cells that internalized NPs (DiD+) had significantly higher CD80, CD86, and 

PD-L1 in MOG-PLGA-NP-treated mice than in MOG-PLGA-PEG-NP-treated mice. Interestingly, 

a significantly higher CD86 and CD40 expression was also observed in CD11c+ cells that did not 

internalize NPs (DiD-), indicating these cells were affected by their local environment.  

 

3.4 Effects of PEGylation on NP-induced DC and complement activation 

To investigate whether PEGylation makes NPs tolerogenic via direct NP-DC interactions, 

BMDCs were cultured and treated with MOG-PLGA-PEG-NPs and MOG-PLGA-NPs. After 24 

h and 48 h, the cells were analyzed for their level of CD80, CD86, and CD40. Interestingly, neither 

types of NPs activated BMDCs (Fig. 5 and S8). This dissimilarity between in vitro and in vivo 

results of DC activation suggests that the response to NPs is more complicated in the in vivo 

environment and may involve factors not present in vitro.  

Since PEGylation did not have a direct effect on BMDC co-stimulatory marker expression, we 

hypothesized that other immune components, such as NP-induced complement activation may be 

involved. Upon contact with the in vivo environment, biomolecules including proteins adsorb onto 

NPs, forming a corona [53]. Complement components can covalently bind to the adsorbed proteins 

and amplify the complement cascade [54]. The released complement components during activation 



recruit and stimulate immune cells, a process generating an inflammatory environment. To gain 

insight into the complement response to the NPs, MOG-encapsulated NPs were incubated in 

human serum, which was then analyzed for the presence of complement byproducts C4d and C5a. 

C4d is correlated with C4 activation found in the classical and lectin pathways. The cleavage of 

C5 produces C5a, a potent inflammatory chemotactic peptide recruiting immune cells such as 

neutrophils and monocytes [55]. To ensure uniformity, NPs with a fixed total surface area were 

mixed with human serum for 1 h, followed by EDTA inactivation and measurement of complement 

activation by ELISA. IgG and zymosan were used as positive controls. Both C4d and C5a 

activation was significantly higher in serum containing MOG-PLGA-NPs than that with MOG-

PLGA-PEG-NPs (Fig. 6A).  

 

Fig. 5. The effects of PEGylated NPs on dendritic cell activation in vitro. (A) Representative flow 
cytometry histograms of BMDCs (24 h) and (B) marker MFI quantification. BMDCs were cultured 
and treated on day 6 with 100 µg/mL MOG-PLGA-PEG-NP or MOG-PLGA-NP for 24 h or 48 h 
before analysis. Data are represented as mean ± S.D. (n=3). *p<0.05; **p<0.01. 



To test the in vivo complement response to the NP formulations, a healthy mouse was 

subcutaneously injected with DiD-MOG-PLGA-NPs and DiD-MOG-PLGA-PEG-NPs in different 

sides of the back. The NPs and NP-infiltrated surrounding tissues were collected 1 h after injection. 

The amount of complement activation was then characterized via western blot using a monoclonal 

anti-C3 antibody. The sample containing PLGA-NPs and the surrounding tissue showed a higher 

intensity of the C3 split product, iC3b compared with that of PLG-PEG-NPs (Fig. 6B). This was 

determined by the intensity of the α2’ chain (40 kDa) (Fig. 6B), which is produced by the splitting 

of surface-bound C3 by Factor I and reducing agent β-mercaptoethanol. The western blot of skin 

tissues without any NPs showed ’ chain (105kDa) and an unidentified band around 28 kDa. The 

band representing the 2’ chain was unique to the presence of NPs and therefore, was used for the 

analysis of NP-induced complement activation. 

As the first step in immune system activation, the different complement responses likely play 

a role in downstream immune activation. The decreased complement activation by the PEG layer 

of NPs together with the reduced neutrophil recruitment and co-stimulatory surface marker 

expression on DCs, suggest that PEGylation of NPs generated a less inflammatory 

microenvironment, which is important for inducing tolerogenic responses. Although other factors 

such as the difference in MOG35-55 release rate kinetics from these two NPs (Fig. 2C) may have 

also contributed to the efficacy difference [56, 57], the difference of release profile is unlikely to 

dictate the induction of immune tolerance because this and previous studies have shown that free 

antigen did not ameliorate autoimmunity (Fig. 3A) [17, 58]. 

 

 

 



 
Fig. 6. PEGylation of PLGA-NPs reduces their complement activation in vitro and in vivo. (A) 
ELISA measurement of C4d and C5a complement. NPs or heat-aggregated IgG or zymosan 
(positive controls) were incubated with human serum for 1 h and then inactivated with EDTA. The 
total NP surface area was 0.05 m2/mL. Data are represented as mean ± S.D. (n=3~4). *p<0.05; 
**p<0.01. (B) Representative western blot analysis of NP-induced complement activation in vivo. 
The same amounts of DiD-MOG-PLGA-NPs and DiD-MOG-PLGA-PEG-NPs were s.c. injected 
into different sides separately on the back of a mouse. After 1 hour, the NPs and NP-infiltrated 
tissue were collected, analyzed via western blot, and probed with anti-C3 antibody. Amount of C3 
activation was determined by the intensity of the band representing the 2’ chain. 1. Tissue control 
supernatant; 2. MOG-PLGA-NP supernatant; 3. MOG-PLGA-PEG-NP supernatant; 4. Tissue 
control pellet; 5. MOG-PLGA-NP pellet; 6. MOG-PLGA-PEG-NP pellet. This experiment was 
repeated in 3 separate mice. 

 

3.5 PEGylated NPs have higher localization to APCs in the spleen 

We hypothesized that a difference exists in the biodistribution and/or activation of APCs after 

NP internalization, especially in the APC population in lymphoid organs, in which APCs interact 

with T cells. To test this, EAE mice were injected s.c. with fluorescent DiD-labeled NPs at the first 

sign of symptoms (Fig. 7A). To ensure that DiD signal measured was due to NP uptake rather than 

released DiD, the release rate of DiD from MOG-PLGA and PLGA-PEG NPs in PBS with 10% 



FBS was tested at 37 °C. The total amount of DiD signal released in 7 d was less than 5% for both 

types of particles (Fig. 7B). Six to eight days after s.c. injection of the NPs, cells from the spleen, 

inguinal and axillary lymph nodes, and central nervous system (CNS) were harvested and analyzed 

for NP biodistribution and cellular activation markers. This time point was chosen because mice 

developed EAE between day 10 and day 16 after disease induction and sufficient time was needed 

for the NPs to be cleared from the injection site and traffic to other organs. Mice were sacrificed 

either on day 19 or day 21.  

Because the NPs are too large to drain to lymph nodes [39], it is likely they were internalized 

by immune cells and carried to other tissues. Untreated mice were used as a comparison and to 

gauge autofluorescence signal and noise. Both MOG-PLGA and MOG-PLGA-PEG NPs 

demonstrated significant localization to the lymph nodes, with 1% of all lymph node cells 

exhibiting DiD signal (Fig. 7C, S9). The main APC subsets in the lymph nodes were analyzed for 

DiD signal. DCs (CD11c+) contained the highest percentage of DiD+ cells, followed closely by 

macrophages (F4/80+), while only small percentages of neutrophils (Ly6G+) and B cells (CD19+) 

contained NPs. No differences were detected between the two types of NPs in the percentage of 

DiD+ cells of each APC subset.  

However, in the spleen, a significantly higher percentage of cells exhibited fluorescence signal 

of MOG-PLGA-PEG-NPs (Fig. 7D and 7E). Among splenocytes, a higher percentage of 

macrophages from mice treated with MOG-PLGA-PEG-NPs internalized NPs than those from 

MOG-PLGA-NP-treated mice. DCs showed the same trend, although there was no statistical 

significance (p=0.16). Neutrophils and B cells did not exhibit significant differences between the 

two treatment groups.  One possible explanation for the biodistribution result is that MOG-PLGA-

NPs were cleared by locally recruited cells, many of which did not traffic to lymphoid organs. 



Increased NP presence in splenic cells may be an important attribute of the induced systemic 

tolerogenic response. In addition, PEGylation of NPs may also affect the spatial distribution of 

antigen presenting cells within the spleens after their uptake of NPs, a potential mechanism worth 

further studies in the future. 

 

Fig. 7. Biodistribution of NPs in EAE mice. (A) Experimental timeline: mice were injected with 
DiD-labeled NPs at the onset of disease and cells were analyzed 6-8 days later. (B) DiD-labeled 
NPs were tested for DiD release in vitro. Data are represented as mean ± S.D. (n=3). (C) (D) DiD+ 
cells in the lymph nodes and spleen. Data are represented as mean ± S.E.M. (MOG-PLGA-PEG-
NPs: n=10; MOG-PLGA-NPs: n=3; No NPs: n=3).  (E) Representative flow cytometry plot of 
DiD+ cell gating among all cells in the spleen. (F) Splenic DiD+ DC expression of CD86 and PD-
L1. Data are represented as mean ± S.E.M. (n=7). *p<0.05; **p<0.01; ***p<0.001. 



The percentage of NP-carrying DCs (DiD+CD11c+) was found to be much lower in the CNS 

than in lymphoid organs for both particles, although more MOG-PLGA-PEG-NP-carrying DCs 

were observed in the CNS (Fig. S10). The paucity of DCs carrying NPs in the CNS suggests that 

APCs that internalized NPs exerted their effects in the secondary lymphoid organs away from the 

primary site of lesions.  

The activation status of DCs in the spleen was analyzed by measuring CD86 and PD-L1. DCs 

containing MOG-PLGA-PEG-NPs exhibited a lower CD86 signal than those containing MOG-

PLGA-NPs, although PD-L1 expression was similar between both groups (Fig. 7F). This may be 

reflective of a more inflammatory response to the MOG-PLGA-NPs in EAE mice. DCs with 

increased co-stimulatory molecules would have diminished ability to induce tolerogenic T cell 

responses.  

 

3.6 NP-induced tolerance in vivo results in tolerogenic T cell responses  

In order to gain insight into the tolerance mechanisms that underlie the amelioration of disease 

seen with using MOG-PLGA-PEG-NPs, several different measures of T cell responses were 

studied. To test the antigen-recall ability of NP-treated mice, NPs were s.c. injected into EAE mice 

at the onset of the disease (Fig. 8A). After 6-8 days, splenocytes were harvested and cultured with 

MOG35-55 peptide for 3 days. Gene transcripts of the splenocytes for the inflammatory cytokines 

IL-17 and IL-22 were then tested via qRT-PCR. Th17 cells are major contributors of the production 

of these cytokines and are one of the main pathogenic cell types implicated in EAE and MS [59]. 

It was found that splenocytes from mice treated with MOG-PLGA-PEG-NPs exhibited a 

significant reduction in IL-17 and IL-22 transcripts compared to the MOG-PLGA-NP and OVA-



PLGA-PEG-NP-treated groups (Fig. 8B). This indicates that Ag-specific Th17 cells in the spleen 

of treated mice were either reduced in number or had a suppressed response. 

 

Fig. 8. NP-induced tolerance in vivo results in tolerogenic T cell responses. Mice were s.c. injected 
with MOG-PLGA-PEG-NPs (MPP), MOG-PLGA-NPs (MP), or OVA-PLGA-PEG-NPs (OPP). 
(A) NPs were injected at the onset of disease. After 6-8 d, CNS and splenocytes were analyzed via 
flow cytometry or splenocytes were cultured and restimulated with MOG35-55 for 3 days. (B) qRT-
PCR analysis of splenocyte IL-17 and IL-22 mRNA 3 after restimulation. (C) Percentage and 
number of MOG35-55-specific CD4 T cells in the CNS. (D) Number of Tregs in the CNS and spleen. 
Each data point represents one mouse. Data are represented as mean ± S.E.M. *p<0.05; **p<0.01. 

 

Furthermore, to determine whether the reduction in disease score was associated with a 

decrease in MOG35-55-specific T cells, the T cells from the CNS were harvested 6-8 days after NP 

injection at the first sign of symptoms. The number of MOG35-55-specific T cells was detected 

using an I-A(b)MOG38-49 tetramer (Fig. S3). MOG-PLGA-PEG-NP-treated mice exhibited a lower 

overall proportion of MOG35-55-specific T cells among CD4+ T cells than MOG-PLGA-NP and 
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OVA-PLGA-PEG-NP-treated mice, though statistical significance was only achieved compared 

to the OVA-PLGA-PEG-NP group (Fig. 8C). However, the absolute number of Ag-specific T cells 

between the groups exhibited minimal differences. A more pronounced trend was seen in the CNS 

regulatory T cells (Tregs) (CD4+CD25+FoxP3+) population, as MOG-PLGA-PEG-NP-treated 

mice had significantly higher numbers of Tregs compared to MOG-PLGA-NP and OVA-PLGA-

PEG-NP-treated groups (Fig. 8D). In the spleen, a similar trend was observed, though less 

pronounced (Fig. 8D).  

The decrease in number and/or function suppression of Ag-specific Th17 cells in the spleen 

and increased Tregs in spleen and CNS, and a lower percentage of Ag-specific CD4+ T cells in 

CNS in MOG-PLGA-PEG-NP-treated mice demonstrate a synergistic response. Taken together, 

this result suggests that tolerogenic DCs and macrophages that migrate to the spleen from NP 

injection sites are able to induce Tregs, and the cells migrate to the CNS to exert regulatory effects 

on Ag-specific pathogenic CD4+ T cells.  

 

4. Conclusion 

In summary, we demonstrate that PLGA-PEG-NPs, but not PLGA-NPs with autoantigen 

peptide alone without tolerogenic drugs can induce antigen-specific immune tolerance after s.c. 

injection. Important findings associated with the efficacy after NP PEGylation include decreased 

complement activation and DC co-stimulatory molecule expression in vivo and increased NP 

trafficking to lymph nodes and spleen. Our findings suggest that the DC stimulation in vivo by 

MOG-PLGA-NPs involved factors beyond the direct NP-DC interactions, and the reduction of 

NP-generated inflammatory microenvironment can be critical for the induction of immune 

tolerance. The use of NPs for immunomodulation has greatly expanded in recent years. However, 



the majority of applications utilize NPs primarily as a delivery vehicle for antigens in combination 

with tolerogenic or stimulatory molecules, ignoring the intrinsic effect of the particle itself on the 

immune system. Although studies to reveal the relationship between materials properties and 

immune responses more specifically are still desired, our study illustrates important factors in 

nanomaterials design in inducing immune tolerance, particularly via s.c. injection. 
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